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N ABSTRACT

Information is given on the part played by the sun,
earth's surface, and atmosphere in the heat balance of owr
planet. Pollowing a general survey of solar and terrestrial
radiation, including the emissivity and reflectivity of
various terrestrial features (clouds, land masses, ocears),
an estimate is made of the planetary radiation received by
a satellite radiometer in five spectral channsls covering
the ultraviolet, visible, and infrared spectral regions.
The wavelengths and purpose for selecting each of the
chatnels is given Wmlw:

total albedo of the earth)

“{total emisgion fram the earth)

surfece and cloud emission)
.55#- 0. 75 microns {cloud cover)

5Y 7545 = 6.9 microns (tropopause tenperature)

5‘3 82 37

The signal-to-noise ratios associated with the received
redistion in each channel, using bolometers such ag those
in TIROS IT and IIJ, are @M included.
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RADIATION FROM PLANET EARTH

INTRODUCTION

The advent of artificial earth satellites bas made possible the de-
tailed, direct, rapid, and wide coverage measursment of terrestrial and
reflected solar radiation to space. A suitable radicmeter orbiting the
sarth can be used to lJeternine such phencmena as the albedo of various
wirtioas qf the earth's surface and clouds, the self-emission of the earth's
surface and atmosphere, cloud cover, and tropopause temperatures. To do
«uls the radiation received by the sat-llite radiocmeter must be divided into
:iffereat spectral reglons. We shall divide the radiation into five regions
.2 chanaels with a separate detector (bolimeter) for each channel as was
done for the radiometer used in TIRCS II.- The waveleng*h ranges and
imnediate purvose of each channel is listed below.

(1) 0.2 -5.5 microns (total earth albedo)

() 8-30 microns (total emission)

(3) 8 -1 microns (surface cloud emission)
(4) 0.85 - 0.75 microns (ecloud cover)

(5) 5.5« 5.9 amicrons (tropopeuse temperature)

ThLe reason for using these spectral regions for the purposes menticned is
explained in the discussion. '

To intellizently interpret the wealth of information anticipated by
such satellite radiometers it is essential to understand the contributions
nade by the sun, earth's surface,and atmosphere in the five spectral
regions through which the radiometer receives the radiation. This report
vill supply both ganeral informaticn on solar and terrestrial radiation and
details on the amount of radiation which should be received in each of the
five spectral regions. '

D.SCUSSION

Heat Balance of the Earth

As i3 well lkaowrn, the svn i3 the pricarr source of enc o for the
earth. Our planet rec:ives a  7tinuous supriy o l.16 x 1C*! watis of
power from the sun. O this smuans 05% 1s absorbed by the earth's surface
and atmosphere; the remuining 35% is reflected back to space. The solar
irradiation at norfial jncidencs just outside the atmosphere at §he mean
solar distance (92,900,000 miles) is called the solar constant,” and is
" 0.140 watts/em@ or 2.00 cal/em?/minute. The varying solar distance
througho:tt th2 year causes the irradiation to change by as much as 2.5%
from the mean. Solar accivity can produce “luciuations of 1.5% in the
solar constant. In addition to these relat’vely small varietions, the
amoant of solar .adiation that reaches a partic lar porticn of <he earth's
surface vaiies with the solar angle . elevation and atmospheric conditions.

_— - 1




Tf the atmogphere were campletely transparent to solar radiation the
ir=adiation H on a horizontal element of area on the ea:-*h's surface could
be expressed as

S cose , (1)

]
)
"nla

e
r_ = mean earth-sun distance
r = actual earth-sun distance
@ = solar zenith angle (complement of solar elevauon'mgle)
S = soler constant. '

For a completely transparent atmosphere the region with the largest midday
irradiation would not necessarily receive the largest amount > energy over
<z course of a cay. In fact, at the summer solstice in the morta latitudes
the North Pole with its 2k hours of daylight would receive the maximum
daily insolation.* This is not actually the case, however, since the ate
Josphere is lass transparent to solar radiation at larger zenith angles.
This subject is discussed further in the next section.

Tua spectral distributica ¢f solar radiation resembles that of a
blackbody at 5800°K. Over 99% of solar radiation is contained in the wave-
length region between 0.2 and 5.5 microns. The earth's surface radiates
like a hlackbody also, but at a much lower temperature (between about 220°K
acd 3207K depea on the geographical location at the time). Even at a
temperature of 320 K, less than 4% of the earth's surface radiation lies
below 5.5 microns. In addition, some of this radiation is absorbed by the
atmosphere. The atmosphere emits radiation to space almost like a black-
body at temperatures which are generally lower than that of the surface.

I. s therefore not difficult to distinguish between terrestrial and re-
flected solar radiation.

The atmosphere plays a dcminent role in the energy vhich i3 radiated
to space because of its scattering, reflecting (by clouds), -adiating, and
selective absorption propertie: it absorus «bi.o. L7% and scatrers oo
reflects out about 31% of solar ~.listion. An additional 4% 1a reflected
back to space by the earth's surface. Of the vutgoing terrestrial
radiation (to space), 85% comes from the atmosphere; li% ccmes directly
from the ear<h's surface. These are average figures for the earth as a

¥Insolatvicn is defined as the solar irrac'atica at the earth's surface,
including both direet and scatiered radiatinn. Daily insolation is the
total solar energ recelved per unit aorizontal area over the course of
24 hours .




whole, sssuming a meean cloud cover of 5+%. The major atmospheric absorber
¢? infrared radistion is water vapor. Carbor dicxide and, to & lesser

.extent, ozcue also absorb iz the infrared region. Although there are many

cther atmospheric absorbers they are relatively unimportant for our
purposes here. :

In the absence of clouds, the atmosphere transmits radiation in cer-
tain spectral regions with little absorpticn. These regions are called
atmospheric windows and will be discussed in more detail later. Even when
ns clouds are present the stmosphere is opaque to surface radiation except
‘n the .13 microm window. Within this window there exists a strong but
sareoh oszene absirption band vhieh does not radically change the total

ancunt of energy pessing through.

A summery of the heat budget of the earth is given in Table 1. The
{ncoming solar radiation which is averaged over the entire surface of the
earth is 35.0mw/cm2 or S/é.* From the table it can be seen that the
earth's surface emits more radiation than the earth receives from the sun.
However, most of the surface radiation is absorbed by the atmosphere and
rerediated back, similar to the action of glass in a wreenhouse which
vasses solar radiation but is opague to the long-wave earth radiation.

The value for evenoration stown in Table 1 is based on a global
mean precipitation of 10O em per year. The method of camputation is shown
in Appendix 4. The value listed for eddy currents was found indirectly by
equating the total outgoing and incoming (absorbed) surface radiation.
Some of the long-wave atmospheric radiation striking the earth's surface
13 reflected back (the earth has a mean absorptivity of .93 in the long
wave region). However, nearly all of thic rcflected radistion is absorbed
by the atmosphere, The atmospheric radiation to the earth's surface showm
in the table is the net value. The other values showm in Teble 1 ere
discussed in greater detall in the following sections.

Solar Radiation and Reflection

1. Varistion of Insolation with latitude

The direct solar spectral irradiation (power per unit wavelength
per unit area) on a horizontal portion of the earth's surface when the sun
is directly overhead (6 = 0) can be expresced by

2
T R
Ek(o)dk-;gskqmdk, (2)

#If r is the radius of the earth, then the solar radistion intercepted
by tt: emrth 1s xreS. Since the surface area of the earth is 4xr< the
average solar irradiation, teken over . 2 etrth's surface is

2
oS | S
ol by




CMEIE T
HEAT BUDGET OF THE EARTH

PLAYITARY EALANCE

AVERAGE INCOMING RASIATION PLANETARY RADIATION TO SPACE E =
Scattered or reflected by ' L

atmosphere 10.9 )
2 Reflected by surface 1.3
35.0 ow/cn Direct radiation by surface 3.2 )
Radiated by roposphere 18.6 .
Radiated by stratosphere 1.0
. 35.0
SURFACE BALANCE .
RADIATICH ABSCRE”D BY SURFACE VIA HEAT LEAVILG SURFACE VIA
Direct Solar radiation 8.7 Surface emission 38.¢ *
™rensmission through cloulds 4.9 Evaporation (lateat heat :
Jlear atmospheric scattering 1.8 transfer) ' 1.2 .
Atnospheric radiation 32,1 Eddy currents(tw.tulence) 1.0 .
LT Y
ATMOSPHERIC BALANCE |
HEAT ABSORBEID ZBY Aln VIA ATMOSPEERIC RADIATION TO
Solar radiation 3pace :
a. troposphere - 5.2 a. troposphere 18.6
b. stratcsphere 1.0 b. stratosphare 1.0
S. clouds 1.2 Earth's surface 32.3
Surface emission 35.7 51.9
Evapcoraticn 7.8
Eddy currents A:°
3

NCTE: Yurbers shown are average values in :m_/cmz assuming a
rean cloud cover of SL¥ and a.eurface altedo of.5C.




where g, is the zenith atmospheric transmissivity at wavelength A. S, is
the mean solar spectral irradiation at A just outside the atmosphere. e
solar constant is related to S, by

s .f 5, o e

Far soular zenith angles grea.ter than O the direct spectral irradiastion at
tae surrace is closely approxinated oy

r:
R, (3) dh = 2 S\ 9, cos? I, (%)
r® ' '

where q, is the monochromatic transmission through the atmosphere at zenith
angle 9 a.nd is related to Ho by

4 = 9, (5)

vhere m is the optical air mass. If @ is not close to 90) and the portion
of the earth's surface is at sea level, then

m = secd. (6)

The value of m given by Eq, (6) is called the uncorrected air mass. When
6 is greater than about 75  a corrected air mass figure, given in Appendix
1, should be used. Except where otherwise mentioned, wa shall assume that
6 1is small enough so that Eq. (£) may be used with little error. IS the
surface i3 not at sea level then

m = msecs, (7}
where ag is the optical air s3 for the zen.wu 3ath from the surface to
3pece.

The total direct solar irradiation for zenith angle # can be fcund by
integrating EK(Q) over all wavalengthss

i)

"Jg 8 n

BE(8) =

cosé f 8, 1, dr. 3)

|
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Integration of E (8) with respect to time over the caurse of a day gives the
da*Ly direct beam insolaticn QD’

SURSET

QD = f H (9) dt . : (9)
SURRISE » ‘

satour curves of QD as a function of latitude and time of year for

. ° .7 can be found in reference 3.0wing to the fact thet r is larger
JZing the north summer than during the south summer, the Southern
Zamisphere receives almost 7% more solar radiation on December 22 than the
<iothern Hemisphere receives on June 22. In the sbsence of an aunosphere
the North Pole would receive the maximum daily insolation during June and
July; nowever, because of the atmosphere, it actually receives the minimum
in the Northern Hemisphese The maximum daily insolation during these
months occurs betw.en 30" and 40° north latitudn.

2. Atmospheric Depletion of Solar Radiation

The selective nature of atmospheric absorption of sglar radiation
can be seen in Fig. 1. The solar radiation curve for & = 60" is based on
values given in Ref. L. Atmospheric absorption below 0.3 microns is due to
. ozone, oxygen, and nitrogen. The ozonme region {ozonosphere) is distributed
mainly between altitudes of 10 end 40 km, the strongest ozone concentration
varying, in the middle latitudes, between a low of about 13 km in late winter
to a high of about 30 km in late summer.’ The amount of ozone in a vertical
column varies between about 0.2 atm-cm* to 0.4 atm-cm. On the average,
slightly less than three percent of the incoming solar radiation is absorbed

iu the ozonosphere.

I WT T I Y R

Since there are nc strong absorption bands in the visible region of the

spectrum, attenuation of solar radiation in tnis region is due almost
entirely to scattering or reflection from clouds. More than half of this
sc.*tered radiation reaches the surface in the form of sky light. Because
atmospheric scattering of solar radiation is greater for the shorter wave-
lengths, more of the blue end of the spectrum is scattered out of the
incident sunlight than thae red end, giving the sky its characteristic color.

The greatest amount of absc- 'ed aolar enevy/ ..es in the infrarasd
region. The identities of same .. .Je more intensze awmcapheric infrared
absorption bands of importance for our discussion are listed in Table 2.
Beyond the carbon dioxide band centered at 15 microns the atmosphere is
practically opaque to infrared radiation becsuse of wvater vapor
abscrption. Between 16 and 23 microns there exists a "dirty window" filled

¥The oumber of atm-cm is thc length !n cen*imeters of & column of grs
at ¥TP.

“
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€— SOLAR IRRADIATICN AT EAKTH'S SURFACE
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Pig.l. Soler and terrestriasl radiation, Reflected solar and total earty radiation
‘ to space wmlues should be divided by T to obtain t.. reiéiance for each cace, T 13
the surface tempercture and ?A 15 the effective rad. .ting air temperatwure, :
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TAELE 2

TNFRARED ATMOSPHERIC ABSORPTION BANDS

Absorpticn Wavelength . Identity of Relative
Per.. (mizrons) Absorber Intensity

.72 . 5,0 o medium

<76 o2 . strong

b ‘ 320 strong

1.13 HZO - strong

1.32 ‘ B0 strong

1.37 . _ E,0 strong

Z.0L Co, medium

.05 co, medium

.56, 2,74 526 strong

2.9, 2.77 ‘ 002 - mediww

- 3.17 320 medium

b.es Ct)2 strong

6.3 ' HZO strong

9.0 ‘ O3 strong

pit ' Co, . strong

with many water vapor absorption lines. Transmission data in this region
meincluded in a report by Yates and Taylor® who made measurements in the
infrared region betwveen the visible and 25 microns. rom the data shown in
the report it appesrs that transmission fn the 16 to 23 micron region can
e ignorea vhea dealing with precipiteble water paths greater than about

1 .m. Because of the sun's spectral distribution, the amount of soclar
energy absorbed by the atmosphere in the spectral region beyond 5 microns
is relatively small. This is not true for atmospheric absorption of earth
" surface radiation.

Dust, smoke, and salt part. "eos also ebsc-t (aud ceatter) solar
radiation. The azount of absorp..ou is variable b\f. ustally not very great
except when the sun is near the horizon. Houghton' accounts for depletion
of solar radiation by gust, snoke, and salt particles by assuming a dust
transmission of {0.95)7, where m is the optical air mass. This transmission
expression includes the effects of both 'absorpgion and scatterirg. Of the
total dust depletion of solar radiation London” assumes that L/b is
absorbed, i/4 is scattered back, and 1/2 is . :attured forward. A large
portion of solar radietion scattered bty an w ‘louded atmosphere is caused
by layleish scette ing, which 1is highly wavelengt" dependent (the scaivtering




coefficient is inversely proportional to the fourth power of the wavelength).
This phenomenon exists when the aerosol particle size is much smaller than
the radiation ¢avelength. Particle diameters less than 1/10 wavelengtk are
sufficient to allow use of Rayleigh's scattering formula, according to
vhich the intensity of the scattered radiation is proportionsl to

(1+ cosaA), vhere A is the sngle between the scattered and incident
directions. For Rayleigh scattering, therefore, the total rediation
scattered in the forward direction is equal to the total radiation scattered
backward. Rayleigh scattering occurs for all small particles (compared to
the vavelength) including air molecules. As the particle size approaches
tle wavelength, the Rayleigh theory bresks down and, amongz other changea,
the scattering becames mors directionsl in favor of the forward direction.
Fer wvater droplets (which are about as large or larger than *he wavelengths
considered here) London® assumes three times more scattering forward than
vackward. Ve shall as3ume that of the solar radietion scaliered by alil

. eonstituents of a cloud-free atmosphere about L0% is s.aittered back to

space, on the average.

A schematic summary of atmospheric depletion of solar radiation is
shown in Fig. 2. Incident solar radiation averaged over the entire surface
of the earth is taken as 100 uaits (equivalent to 35 mw/cm2). Included in
the diagram are absorption and reflection values at the earth's surface, Tz
numbers shown are average values integrated over all angles (during

Quter Atmosphere {100} '\/

~— \_,\A -"\__

*3
) /\ L (v)
Cle K P Average
Sky v/ \._}‘ . Qvercast

Pig. 2. Depletion of solar radiation. (a) Clear sky condition.
(b) Average overcast condition, assuming a mean cloud albedo of
0.55. Circled numbers indicate bsorontiou; uncircled numbers
indicate scattering or rellection. Dashed lines signify
scattering. The mean surfice albedo is agsumed to be .10,

To average over all weather conditions multiply trogospheric
figures shown in (a) by .4u and in (b) by .5b.




of 'the Earth

. alh23o
sads 4
G or portion thereof.
ze2langth asgende
Th2 wliravislet,
albady i3 define
s) rafle cte
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at it i3 not

5 the total incident power.
2nds upon the angle of incidence, the albedo of a flat

-

—

(Dl

s a term used to describe the reflecting power of a

Zince the reflectivity of a material is
unusual to find differing albedo

viswal, ani infrared regions of the spectrum.
4 zs the raztio of the total power

(over all
Since the reflectivity

has

tetca)

of a sphere mad: of the same materlal.

..‘bedo is useé when refarring to a rlanet as

he refleeting power or albedo of a portion
e radiometer we have in mind views a
"th at _m instant, it is important to

2 tota: wiane a.!.’:e.o “:. normzl incidence.
al faztures is & : % Table 3. The

e sioplifying asstm-tiou that water
2ty distributed about the earth. Since
‘nereasing wavelangth it is not sure
zphierdecal alvedo is the largest and the
speciral alvedos shown in Table 3{a). 1In
the surface and etzosphere further. reduces

~ by

TLEIE
ALBEDCE OF Va 1I:>US ELRTH FEZATURES
VERIAL ~LREDD MATERIAL ALBEDO
Grass A5 - .37 Forest, Green .03 = .10
Earsh, DT .0z - .14 Zea ‘Jater, Average .09 8
Tarth, Wet OO - .07 wWhole Surface, Av. .10 8
fat fand (Desert) 2k - 23 . Yhole Earth, W .50 8
Zncw, Fresh 30 - .90 Whole Zarth, Visible 4O S
5:10'»') \.ld ."5 - ’70 ‘;hole Emh, T.R 028 S
Awen oli o« W15 Vhole Earth, Total +35 8
Soler Zenith insle (Des) 0 40 S0 50 70 8u 35
D Alzed v03 003 QOQ -0‘3 12 025 .kO
(=} altziss of couasn types of leni surfaces, sea L
craver, eni tihe 2arth o5 2 'mal-, inzluiing the a.tm:.,ph-re.g' =
T-a2 lotter I aftar the auverical value iniicates spherical
elp»2o, (b) ~ib2dp of ses water as a fuaction of the
sc_ar zenitk angle A3
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Al02¢y measuraments of small ssctions of <the earth taxen wili the
rziionster will vary noticesbly as the satellite oxrvits the e_rt“. In
additicn 4o the ver able surface alrvede there is a very wide range oI cloud
elbsidcs, deo=:¢¢n ca drop size distribution a=zd lizuid water content. The
varisticn in a2lbed: for &ifferent cicud types is shown fa Tsble +. Axthoush

an elbedc cf 2.35 was *ose*"ad in a f2w instances it szexs <5 b2 the
excepricn rether iken the =»ule. The average alvede for stratus clouds mere
tiizn 1,000 feet thicx was found to de slightly less ,har 0.70, Jverzgiaz

cver all clouds Friiz” estimeces the wmean clcud elzedc to te 0.55.
‘ m2an stratus 10*- atzcrstivity *f about O.J‘. This

- - P . A~ $
it avsll LT . Flustuge
- - - -, . e ~
=zat, FERte s Larvge, Sense cloud
. Ve - - - .o - o~ -~ &
va g difiize transzmissivicy of caly & few rercant.

C..UUD ALB:DUJ .

Ul CLOUD TYPZ ~LSZD0

Zuckiesh Verw larze, dense clouds Rl

(visiple lishe) Dense elcuds, cuite cpague o35 - .2z
Jense ciculs, nearly Ccrague B4

. Thin clouis L3 - 5D

Fritz (tetel Strztcoumulas, overcrIt oS - W3

radistica, Altostratus, occasional

extensive breaks AT - W32

systens) Altostratus, overcest Ce33 e .39
Cirrostretus and eltostratus .42 - .cb

-
-
3
[]

\n

o

Cirrostretus, overces:

STRATUS CLOUD THICK=SS (FEET) RANGE CF AL3EDOS

(y nreater then 1,000 © .30 - W85
VY 500 « 1,000 , W30 = JT0
Less than 500 _.13 - 20

(¢) Averaze albedos of varicus cloud types.
(o) Veriation in aidedo for stretus clouds of different
thicknesses.lv

Terrestriel Radiezticp

1. Veriatios with latitude

Simpsoa‘sls’lb computaticns for the terrestrial radiation to spare
at various latitudes is shown in Fig. :. At the tinme Cizpson maéde his

calenletions, littleaccurate informaticr existed on the sbsorption spectrun

of water vapor; howvever, the cuxrves of F.j. : are protedly not very far

from the trutk. The curve for cle:r skv .ondition decreaces with increasing
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e ‘ latitude as expected,since surface temperature, on the average, decreases
with increasing latitude. For overcast ccaditioas, sssentially no surface
raciation goes directly to space because it is absorbed by the atmosphere.
Under these conditions most of the radiaticz to space comes rrom a level
somewhat. below the tropcpause (%ropnpause temperature increases with in-
creasing latitude;. In the polar regions it was assumed that clouds make

,,,, little difference since they have aprroximately the same temperature and

. amissivity as the eartn's surface.

-

e v w0
' ST 7 Rp— 1 ! 1 tob il
| I.Qiear sqes
z :
58 ©.300 — (
-~ 3 '
RY III| Mean ;
5 - !
B‘i — |
0<= ':3‘ 0 "50 -
o Ty 3% ‘
= Cverca- i
. 11 ' p
2.200 i )
0.2 0.% 0.5 0.5 1.0
AREA

‘i_" '/ ‘ : Fig. 3. Terrestrial radiation to space as a function of
latitude. The latitude scale is chosen 30 as to giye equal -
weight to areal belts about each line of latitude ° . .

2

Surface Radiatiscn and Atmogdheric Absorption .

' As can be seen from Table 5, all sizeable portions of the earth's
surface rbdiatﬂ like blackbodies.: Surface temperatures vary from a low of
avaut 220K to a high of about 320 K. The tem ture of the stratosphere
varies from about 190°K over the equator to 220°K over the poles. Except

. for the 2-12 aicron window, the atmosphere is essentially opague to surface
\ raiiation. ¥ithin this window there is a small amount of o-one absorption
centercd at 9.5 nicrons. For ~ “uilete ov.rc.: - mditicas =ven the 3-13

wicron window is closed to sur .~ radiatica.

The 8-13 micron windew is tounded by water va:.or absorption on the
short wavalengzth end and carbon dioxide on the long waveleangth side. Carbon
dioxide iz feirly uniformly distributed in the atmospnere (.03% by volume),
decreasing slightly with altitude. This uniformity dces not kold for wvater
varor, wh.ch over Ncrih america varies in v rtical depth fram a low of 1 or
2 m of precipitable water during winter to a high of 60 or 70 pr. mm during
the sumer.l® Stqce the water vapor absorpcion bands inside the 813 micron




“indow are fairly weak, the decrease in transmission within this window =
due to absorption is not a fast-moving function of the precipitable water -
path. However, high humidity is ideal for formation of water droplets which
appreciably increase the scattering of infrared radiation. -

TABLE S
EMISSIVITIES OF VARIOUS TERRESTRIAL FEATURES

MATERIAL EMISSIVITY
Grass ‘ 96
Earth, Dry «90 - .9 .
Earth, Wet ' .98 : : -
Desert 89 - 91 : ! B
Snow ’ «995 ' ’
Water ' - 92 - .93
Whole Surface, Averag 93

NOTE: The temgerature of the surface is assumed to be between 220 SO

and 320°K. : ~

o If the earth's surrace is assumed to have a mean surface tewperature of
293K and an emissivity of .93, then the radiation which leaves the ground
18 38.9 mw/em®, This figure is found simply by use of the Stefan-Boltzmann
lav, which is

W o= cc'r“, (10)

wheré

W =  Radiant emittance (powsr per unit area)

[
"

enigsivity
T

absolute temperature
G = Stefan-Boltzmann constant = 5.672 X 10‘8 'J/Mz/deg“.

However, the atmosphere even _ler cloudle<; 3ly corditions permits only

about 184 of thia rediation to reach space (see Appeniix 2). Therefore, T
about 7.0 u:'-r/c:m2 reaches space when nd c¢louds are preszent., For a mean cloud - A
cover of Sh% the average surface emission that penatrates the atmosphere is N
only 3.2 mw/ez2. The remaining 35.7 ws/cn? which cocss from the earth's N

surface is abscrbed by the atmosphere, on the average.

3. Self-Emission by the itmcsphere

Water vapor is the major source of lc g-wave radiation to space.
In the lower atmosphere it radiates with relatively high emissivity and a

13




fairly wari wversge temperature, but most of the outward bound radiation ic
eraorbed cna reradiated by progressively rerer and cooler water vapor.

Abcve the tropopause, emission by weter vapor is small. The apparent water
vepor radiance as meesured by a2 satellite radiometer should be the same as

that of a blackbody at a temperature which is equal to the upper troposphere

. temperature.

It we take .33 as the mean total planetary albeds, then 65% of solar
raciation is absorbed by the earth's surface and atmosphere, on the average.
“inte vhie globel meen temperature has changed very little cver the last
it ic szfe to a2gssume thot 21l the solar energy absorbed is radiated

Se el e &l S&aT . o -

<% w opecz {bur in a different wavelength region). Therefore, the average

©iuing plosetary radiant emittance is (.95) (S/&) or 22.§ mv/cm2, which is
»+.2l Lo the totel radiant erittance of a blackbody at 252 K (equivalent
oeaCsbdy temperature). It should ve pointed out that the concept of .
equivalent blackbhody tempereture should be used with caution, especially if
the bely in guestion has & low emissivity or is a selective emitter. For
exiple, it is nui saie to moli (wita bare bands) a polishicu alumimmm cheet
‘enmissivity = 0.1) that is radiating with an equivalent blackbody temperature
cf 290K {17°C or u2z®F), because the actual temperature of the aluminum is

5159% (432°F).

As mentiocned eerlier the stratosphere absorbs slightly less taan 3%
~f xolar irrrdiation. 1If the stratosphere is in over-all radiztive
.iilibrium, it must heve a mean radiant emittance of (.03) (S/k) or
1.0 mw/eme, This radiation is due to cerbon dioxide and water vapor with a
small coatribution by ozone. The mean long-wave radiation to space is
wovided Up &s rollows: mean surface radiation - 3.2 mv/cm2 ; Stratosphere -
1.0 mw/cm?, troposphere - 13.5 mw/cm?. '

Rediation in Five Spectral Regions

1. Region Om~: 0.2 - 5.5 Microms

In this région the outgoing enery. is due to reflected and scattered'
soler radiation. The contribution from the portion of the earth's surface
(assumed to be a diffuse reflector) within the detector's field of view is

-8
"A =0T cos8 cosd qa q. s (1)

where
N, = apparent surface .diauce (poves/arcafsulid angle)

= surface reflectivity
§ = solar coastant = 140 :zw'/c:m2

g, .= mean atmospheric transmission of incideat solar radiation
for sun at zenith angle @

q, = mean atmosrheric transuission of reflected solar radiation
for detector zenith angte o,

1
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. Zenith angles 6 and ¢ arei_me'a.sxired from the portion of the surface within

the detector's instanteneous fleld of view. It should be pointed out that
the lock angle of the detector (1. e., the angle measured from the vertically

" downwerd direction at the detector to the portion of the surface within

the detector's field cf view) is approximately equal to ¢ for small zenith
angles only. The relationship betveen detector look angle and ¢ is
discussed in Appendix 3. . : .

If the instentaneous atmospheri’c abs‘orpt'ion and scattering coefficients
ere not single-velued functions of altitude over a broad area, then the !
trzasxzissions end ¢, are dependent on azimuthal angles as well as zenith )
anzles. Even il the trausmissions were. no% dependent on azimuthel angies,
¢; would not precisely equal q, vhen & a ¢,because the averege transmission
cver & spectrel region contsining many atmospheric absorption lines does

" a0t foliow the simple exponentisl absorption law for a sin.gle isolated

absorption line. ' However, for the sake of simplicity, ‘"¢ shall assume that
the mean trapsuission et eny zenith ang.e ¢ can be expresseo. with a fair
degree of eccuracy by

. o . )
4 = G (12)
where
3, = mean transmission at ¢y = 0

m = opticel air mess at angle y.

For ¥ lesss than about 70° or 75° we can express m in the same form given
in Bq. (7), ‘ |

» = B secy, (13)

vhere m_ is the mean optical a:l.r mass for v = 0. For a path between spa.ce
and sea level m, = 1. For air masses at a.ngles greater then ebout 75° see
Appeadix 1.

Frez Eg. {11) we see thac the meximm values of Np occur at ¢ = 0 in
those regions(and times) where o is high, 6,;,* and m, ere small. However,
except for certain snow-cap,-d acustains. ¢ 7 565 not nurmally occur at
the lower latitudes vhen 64, .s small. Alsc, the value of gg near sea

level is genera.m higher in regions where 6.4, is swall. For a snow-
capped mountain we shall assume that p = .85, 6yip = O, ¢ =0, and

9 =q, = .85 to obtain a reasonable maximum value of N, for the earth’s
surfa.ce. Therefcre,

*Q is the minimum solar zenith angle reached during the course of

the 3&?.
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n, (aax) = (35) 52 (.85) . B I
o . . . C
t 27 nr-'/cm /ster (snow capped mountain).
Tor snow at sea. level we ‘shall essume that p = .8,, Spin ™ 35° ; ¢ = 0, and
¢, = .75, Therefcre, o
. . i .- - . ) h . - “
W, = (85) 22 caw) (1P
= Lo m:/c:ng, ster (snov at sea level). - ‘
Tne lower-lying thick clouds generslly have high albs Ins. Very thick \

25 Cloics neve altedss in iae neighborhood uf .75 although albedos as

. as .25 hzve teen recorded in z J2v instances. Atmospheric transmission
‘lected solar ra diatisn frow stratus clouds to space is about .85 (for
.2}, Therefcre, L, for very thick stretus clouds is almost as high as
svot for ths sncwecapped mountain., Since the averess stratus cleud has an
aivedc of about .25, which is much higher than tkat of most of the earth's : \
surface, the- M‘o"‘:" =f hizh level sisnals received in region one

1~.; = 5.5 nicreasz) will come from clouds. Tatle & shows apparent radiance

- X

for wvarisus types of susfaces and different cloud thicknesses due

--‘--5 - .

te reflected scler radiaticn,

<«

Tz
PR Ry

RIDIAICE VALUZS OF VARIOUS EARTE SURFACE FEATURES

F oy W S-S
: ! APPARINT RADIANCE N
TITURS RSFLECTIVITY (m/cm?/ster) ' N
Snove-capped msuntain .23 27
Sncw et see lovel : .85 16
Desert - . $25 6.3
.10 2.5
dli 2.5 R
Ko 1.5
Rk 0.8
.73 2b
7 18
.38 13 R
LEprateal relilznce veiuss of varicus earth surface features - 1
reziza ene (2.7 orzns ) due o reflected solax ]
zsiz lor <2r zenith engles ere assumed to- ' |
= 5 Ve fecture where the B
ag . L

15 '




2. Region Two: 8 - 30 Microns

In this region the radiation received by the detector will be due

almost entirely to the self-emission by the earth's surface and etmosthere.

The radiation received from any portion of the earth's surface is confined
to the 8 - 12 xzicron window. Assuning the earth's surface to radiate as a
graybody with an emissivity of .93 then the apparent radiance in the 3 - 13
rmicron region under cleer sXyr conditions is given by

13

NA = .93le
8

— (14)

vhere

= 11.9 for N, in mw/mz/ster

C., = 14,400 micron-degrees K

A = wavevlength in micrcns.

T = temperature ia K

S\ = etmospheric transmission at waveleagth h for O zenith a:;gleé
m = optical e.irv mass (m is & function of zenith angle ¢),

Equation (14) is tno complex to be treeted anzlytically. However, it can
be approximated .~jitkout large error by

13 .
‘ ui dA ' '
N, = 93 a4, Cy f' ——c_——1 , (15)
3 ,\5[eﬁ.1J

vhere q_ is the mean transzicslon in the & -~ 13 micron regi . “cr O zenith
angle. “Figures 4 and 5 show t. apporent rasionce values ia the 3 - 13
micron region as & function of uzicctor zenith engle tor varizus 2erth
surfaces when % is .75 and .85, respectively.

. The appareat self-radiance of the atmosphere is »drimarily due tc waiter
vapcr (and drcplets). Since water vapor emissivity is a functiion ¢f the .
amcunt of precipitable water in the path, the apparent radianc2 of the et
mosphere will vary wich detector z2enith ang, ¢ ¢ However, . will nit vary
rapidly with ¢. For a water path of only z or 3 dr. man the avern e
emissivity in th., region (8 - 30 microns) at a tempersture of :30°? is
already aprreciable (about .3). Thich. dense clcuds have en exissivity of

17
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atout 1 and, therefore, have an apparen® radiance equal to that of a
sortion of the earth's surfice which is at the same temperature as the
<loud top. Since clcuds are usually cooler than the ground below, it can
be expected that clouds will often have a lower apparent radiance than the
ad jacent ground erecs. However, the reverse is true for those conditions
when clouds are warmer than the ground. In general, the differeace in
radiance between cloud and ground should be small, although in extreme
cases the ground cen have twice the radiance of a dense cloud.

© order to Sbrain a zaximum unclouded atmospheric radiance value we
Z.i L pioume wnat over the warm regions of the earth the atmosphere radiates
sody at 707K with an average zenith emissivity (¢ = 0) of .5 in

- :C oicron spectral region. With these assumptions we obtain for
udzd conditions at ¢ = O

P ]
§,o= 35 aw/ex” /ster {(atmosphere).

If the ground is at a temperature or 320°K and 9, = .15 we see from Fig. 5
that at 4 = 0, assuming no clouds,

N, o= 5.5 m/cna/'ster {(zround).

Eal

For these ccnditions the detector will measure an apparent radiance £

3 mw/cm*/ster. If this p2gion is covered with dense clouds -tith an .verage
“smgaratire of, say, 307K then the total radiance for q, = «35 will be

~ :x'-l/c.'n~/s..er. The lcwest radiance values that can be expecged will, occur
iz resioas where the zwound temperature is approximately 220°K (g ~ .35)
and the auzospher= i3 at avcut the same temperature with an avet&&e zenith
:mi;sivit;( of .3. For this case the total radiance at ¢ = Q is ab: it

1.7 ow/ca-/ster. 1Ir cloud cover is present the total radiance figure will
not change eppreciatly.

3. Ragzion Three: 8 - 12 dinrons

The 3 - 12 micron bandwidth is intended for the measurement of
radiation from the earth's surface and clouds. Since the surface radiation
that rec cl" <3 space in this re3lon is aluost the same as that in region two,
Figures » end S may bde used {or radiation estimates. For Ireater accuracy
th2 values skown Ln the flqure. houdd de rody ed Vv 10% for resiion thrae.

The dirfference in the received radiation batween that of chamnnels two
znd three will Le a measure of the contribution to the space radistion by
th: uncloudsd atzccphere, The radiation received »y the unclouded
awmosphere in chann:l shre: 4111 b2 auch lover than that Zor channel two
(2 « 30 zlerons). Ia axdiiicn wo the szaller bandwidth cf chennel three the
average tcalth amissivicy ol th: atzosphere '‘a region three I3 about 1l/3

that for resicn tuo., Th2 mean zeaith atuosgnerxc railance for aan average
air tempersture of LT97K 13 only C.35 =zv/cm</ster for rezion three, which 13



1/10 that for the 8 - 30 micron region. The corresponding maximum
radiance in this channel ugder the same assumptions made for channel two
(sround temperature uf 320 K, qq of .75, Do clouds) is k.4 mw/cm2/ster.

L. Region Four: 0.55 - 0.75 Microns

_ The visible region is well suited for determining cloud cover under
daylight conditions since the contrast between clouds and most surface
foatures is generally high. The red end of the visible spectrum (.55 - .75
zy-rons) is & pairtlcularly good region becanse there is less scattering
»2 soler radietion by the atmosphere in this region then iu wue viue
wud of the spectrum (this s the reason that the sky appearsblue). A
little over 19% of all solar radiation is concentrated in region four.
“S.nce ibe soirr constenc is 140 mw/em2, about 27 mw/cm? enters the earth's
atmosphere (at norual incidence) in this spectral region.  For radiance
calculations we may use Eq. (11) if we replace the solar constant S in that
equation by .193. Therefore, for region four

N, = 8§.5p 4y d, 080 cose, (15)

vhere the symbcls used have the same meaning as before. Clouus have sz “-rxe
range of reflectivity depeading on cloud type and thickness. For thick,

- dense clouds with a reflectivity of .75 the apparent radiance is, assuming
9-0:0,%9.93:

N, = (8.6) (.T5) (.93)% = 5.6 mv/ca®/ster.

The reflectivity of surface features in region four is approximately
the same as the aibedo figures shown in Table 3. The lowest reflectivity
that can de expected for the darkest surface is about .030. For q o " 90
this yields an apparent zenith radiance of

NA = (806) (0030) (090)? = 0.;’1‘. w,/'.‘?ﬂz/ster.

Actually this figure will be higher because of the radiation scattered back
by the atmosphere. If we *ale .0l5 as > reasonable valu :*® zenitk "air
reflectivity" then the above 1dizace valuc ceccmes 0,23 avw/cxm®/ster. For
6 = ¢ = 0, atnospheric scativ- - .4 between cloud top heights and space does
not contridbute significantly to the value of iy for clouwis. For clouds,
therefore, the maximum to minimum radiance ratio that can be expectad ina
region fouwr is 17. This ratio vill become smaller if 5 and ¢ increase.

For channel four vhen the detector is looking at smow-covered regions
the apparent radiance vill be soxevhat h. ther than that of thick dense
clouds and alzost 50% higher than sverag. stratus clouds, For a .30 th
apparent snov .adiance 1s 5.9 mw/cri’/ster. T® the contribution b atmose
pheric s.attering {s included, N, #v saov is £.0 ow/cne/ster.

2l
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The calculated signal-to-noise ratic in the spectral regicn O\ is

N, BA,t
(shryy = & . BT &, (23)
N N

vhere Py is the ncise equivalent pover cf the detector. If we let Vy be the
RM3 noise voltage at the cutput of the bolometer bridge, then

\'/
N
PN = ‘!'_-' » (19)

vhere r is the bolometer bridge responsivity. For th. purpose of illus-
tration we shall calculate signsl-to-noise ratios for the satellite radio-
meter described in Ref. 1 wvhich employs thermistor bolometers as detectors.
For our purpose the important radicmeter cktaracteristics (taken from Ref. 1)
are:

A“ s b3

O
]

.009 steradians

«t
]

.65 microvolts

r . = 21 volts/wutt

Channel 1 2 3 L 5 .
tan 290 . .21 .15 .55 .35

Table 7 lists the maximum velue of S/N that can be expected for each chaanel.

If the system noise and responsivity are different from that assuxzed avove

“'M assumed to remain constant) then the S/ values given in Table .7 should
‘be multiplied by

[43)

5.1 % ‘0-8 ‘_:;_ 3.19:{ 10
N

N

where r is measured in volts/wvatt, Vy in volts, and P, in vatts.
»
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TLTIE 7
MAXT'iUM VALUE OF S/N FOR EACH CHANNEL

CHANNEL 3AMNDUIDTR é S/N (Max)
{dicrons) ('nw/Acm /ster)
1 .2 = 5.5 2T 4,500
2 8 - -3o 8.0 300
3 8 - 4.4 120
] 55 - .75 6.3 640
b So: - .9 018 12

‘The values for channel 1 are [or a snow-capped mountain
in the lower latitudes. If the detector's fleld of view is
greacer than the snow-covered region the S/N will be smaller

than that shown.

SUMMLRY

. "A study is made of planetary radiation received by a satellite radio-
meter looking at various portions of the earth's surface and atmosphere.

. Tre received radiation is divided into five spectral regions or channels.

;e wavelengths and purpose of each channel are given below:

(1) 0.2 - 5.5 microns {total albedos of the earth)
2) 5«30 microns (total emission from the earth)
(3) 8-12 microns (surface and cloud emission)

(+) 0.5 - 0.75 microns (cloud cover)
(5) c.3 2 10% microns (tropopause temperature)

In order to intelligently interpret the data received by the satellite
raliometer it is essential to understand the contributions made by the sun,
esrth's surface, and atmosphere in the five spectral regions listed above,

a. Sun: Radistes essentially as a blackbody at 5800°k. Over
99% 2 the radiation reaching the earth lies 1n the C.2 - 5.5 micron spectral
region.. N

. b. Earth's Surface: Even at 310K (9&§°p) the earth's surface
emits less thea 5% of its radiati-»y 1a the che.y . Ar- region {(v.2 = 5,5
nicrons). Much tess than 3% of the .adiation ir this spectral region
reaches space because of absorption aud scattering by the atmosphere. The
zajor porticn of surface radiation vhich reaches space lies in the channel
three region (8 - 12 microns).

¢. Ataosphere: The etmosphere plays a dominant role in <errestrial
radfation tecuse of its scattering, reflectin; (clouds), radiating, and
selective absorpticn properties., 7r the average, sssuming a mean cloud
covar of S4%, the atmcspheres absorbs 175 and re.lects or scatters out about
1% of solar radistioa. Of the total outzoing plane .ary radiation due to

24




self-emissicn, 844 ccmes from the atmosphere, the remeining 144 comes
directly fram the earth's surface, on the average.

The maximum and minimum radiance levels that can be expected within
each chergel is shown in the table below.

CHANNEL BANDWIDIE "MAX. RADIANCE MIN. RADIANCE

(Microns) (mv/cwé/ster)  (mw/em@/ster)
l 2 - 505 27 0
2 8- 30 .0 1.6
3 8 - 12 b 1.5
k 55 = 75 6.0 . 0
5 Eos = 6.9 .18 .03

The zaximm radiance level for channel one is for a snow~capped mountsin in
the lower latitudes. If the detector's field of view is greeter than the

snow-covered region, the apparent radisnce as measured by the detector will

be lower than that shown. The ninimum radiance values listed for channels
one and four are for night conditions when the received rsdiatiorn is below
the noise equivalent power of the detector.
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APFENDIX 1

OPTICAL ATR MASS

- Although the term "optical air mess" originally referred to the visible
region, it is now used for the ultraviolat and infrared regions as well. The
concept of optical air mass was developed in an attempt to gquantitetively
az~ount for the decrease in the apparent brightness of heavenly bodies with
janreese in zenith angle 2 under unclouded conditions. 1If % is the zenith
itrospherie transmissivity (8 = 0) at a particular monochromeatic wavelength
N, =02 is the transmissivity at zenith angle &, then the opticel air mess
m is defined by the equation

m

B * %4

In practice q, and are never ceaswred using mocnochromatic rediation.* If
narrow enough bandwidths are chcsen the values of 9 and g; can be clesely
approxinated for monochromatic radiation. However, use of monochromatic
values of transmissivity generally make radiation calculations over norue.u
bandwidths very difficult. For simplicity q, and m are evaluated for

narrow nonzero beudwidths. When atmospheric attenuation is due primarily

to scattering, as is the case throughout most of the visible, fairly
accurate predicticns can be made using a AN of, say, .05A.-

The uncorrected optical air mess T, (measured frem sea level) is given
by the simple e.xuression

m = sech.
u .

This formula is based on the foilowing assumptions:

2. the earth is flat

b. there is negligible atmosrtheric refraction

c. at any inctent of time a’lktmsphz-ic _onperties
affecting transmission vaxy ith altituie csly (not with latitude und
longitude).

d. atmospheric transmission obeys Beer's lavw
e kcér ,

q‘-

¥A monochromatic wave has a wr.clenzth bacdwidth of zero. The amount of

radfate? energy coatained withinr a zerc %andwidth from any real source
(lasers included) is precisely O.




""," ' whers
k = extinction cross section
¢ = particle concentration
dr = elemental path length.
mable 3 lists two sets of values of opticel air mass for several zeuith
‘n~les based on (1) the simple secant formula and (2) a more complex fermula

' - 3enporad, vhich considers esrth curvature and atmospheric refraction.
b hte tkat the divergence between the two is smalil except for large zenith

aagles. .
. TAZIE &
OPTICAL AIR MASS AS A FURCTION F ZENTTE ANGLE®
ZENTTH ANGLE o° 50° - 70° 8o®  us5° 88°

SICANT FORMULA .00  2.000  2.92%  5.76  1l.47  28.7
BEMPORAD 1.0  1.995 2.904 5.0 10.39  19.8

For voth cases shcewn it is assumed that atmospheric
particle concentratica varies with sltitude only and that
there is no overcast. .
Under the assumptions stated, use of Bemporad's values of optical air

mass shown in Table & will zive a fairly accurzte relationship between
Q and gy for narrov bandwidths 2n the visikle region. The accuracy de-
creases somevhat for the infrared region vhere the predominant cause of
attenuation is generally due to absorption rather than to scattering., Even
for MA/N = ,03, absorption of radiation.in the infrared does not follow
Beer's law as stated above., For moderate absorber ccncentrations the error
involved in predicting 9% will be tolersble in most instances 1f 6 is not
large., For large values of 6 the error becomes apprecisble.
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APPENDIX 2
AVERACE TRM&ISSION THROUGE A PLANTTARY ATMOSFHERE

In order t6 simplify the problem of determining the average transmission
c? surrace radiziion (emission) through an atmosphere in the form of a '

cprerdcal shell we make the following assuxptions:

c. scattering is negligible

b. the atmospheric absorption coefficient changes with eltitude

¢. eapprecisble absorption occurs only at altitudes vwhich are small
caupared 1o the sphere’s radius.

. 4. the uprere's surface radiates in accordance with Lambert's’
cosine law
€. ‘the aptical air mass m at zenith angle 9' is given oy

n, = secé. 6

@

The surfece rediant intensity Jp in the x direction (see Fig. 5) leav-
ing the etmosphere from =n elemental bana dA subtending an angle 5 at the
sphere's center is ,

dJe - :_:_o_ cosé q, da | (20)
vhere
LA radiant emiseicr Of sphere (pover/unit aree)
9 . gtmospheric transmission in the x direction from elementsl

area dA.

The total s{xrrace radiant intensity to space in the x direction is
therefore .

) n/2 w I/‘Z
0
J = J o, = T f qq cosé dA. (z1)
) ° :
25




Outer J
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X .
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/
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T~
Fig. 3. Germetry for calculating average transmission of
a planetary atmosphere. The band dA is chosen symmetrically
ebout the x exis. .
The averagze transmission of a planetary atmosphere q,, can be defined as
n/2
4aJ
'~ 9 ’
.= . {z2)
T n/2
[
f Uy
[~}
agre
dJe
L} J—— -~
! - % (23)

30




23 4
neglecting atmesvheric atteauation.

From Egs. {20), (22), and (23) ve get
afz

r
/

. % cos€ dA
Gav

The dencminator in Eq. (22) is the total surface radfant intensity to spdce,

r/2 .

(24)
f coss da
o

The elemental area dA is equal
by the width of the band.

to the circumference of the vanil multiplie
Therelore,

dA

(2m) (Rds).
Since y = R sin9 (see Fig. %)

(,

I

5)

dA = 2mR°

sing do.
Sudstitution of this expression for dA intd E;. (24) lec

b

1%

XY
—

egls ©o .
1
n/2
Ly = .zf qesincco=5da.

A
o

From assumption (e) we have

vhere ¢, is the average value of atmospheric transm.ss:lon for 6 =2 0,
we let u = secd, and

(23)

If

. -k
q -




. >\ N - 5 "-," Lo / i1
- R , - e ~ a~ . v . A .
x= v
Tnizprzticn T paats uwice yields : : : -
o < )
Ly = &L - k) ¥ kz_[ g @, (30)

hare % = ku. 7The exponential integral in Eq. (30) is tabulsted in many

.25 of intesrels. For convenience some values of the integral are shown v

| -

TiITLT 9

VALUSS GF THE TYPONENTIAL INTEGRAL

10 .20 .0 .35 .40 - .50 .70 1.0 1.5 2.0 3;\";4

E3 K

roo e "

'S 4o 1.82 1.22  ,903 .79% .702 .560 .37k L2199 100 ..OM9
o LS \
- % : : R
Tne averaze zenith trensmission of the earth's atwosphere in the 8 - 13 \‘\;-"

‘eron window, asswning no clouds, is about ,70 which is equivalent to ¥

ii = ,35. Therefare,
» . /
q, (8-13u) = (.70) (1-.35) + (.35)% (.T94) = .55. Y
7 o . ‘ ) ;S:A‘ b
A tinckbody at 293 K radiates 32% of its energy in the 8 - 13 mieron region. e
Since the atmosphere is effectively opaque to 293°K radiation outside this oY
region, oniy {.55) (.22) or 18% of surface radiation is trensmitted throuzh ;N
: a cloucless atmosphere, on the average. - .
,.'\”'.A

o

% | | B




APPELDIX *
SATZLLITE DETECTCR LOCK ANGIE ARD ZEIITH ANGLE

Figure 7 illustrates tke reisticaship between desector look angle and
zenith angle. Atuospheric refraction is igncred in this 3i:suss. ..

Fig. 7. ctector look angle gecmetry. The cetector D at an
eltitude h hes & 1oci angle 6' wo a2 voint P on the earth's

-

surface. 7Tbe detector :eaith angle ¢ 1s measured frcz the
normal to the surface at P. R is the radius of the egrth with .
center at J.

'lse of the law o7 sines in triangle OPD leads to

5w, (:1)

s 1+
111

vhere
6 = detector zenith angle
6' = deteétor ic0s angle
h = detector altitude
R = radius ¢f zarth.

Fig. ¢ shows a plot cf v as a functirn of &' basec cn Zg. (+1) for various
detector =ltitdes, :

33
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APPENDIX 4

LATENT HEAT TRANSFER DUE TO EVAPORATION

If ¢ is the smount of heat per unit area required to evaporate & mass
M of waiter, then o

@ = &, (32)

vhere

L = latent heat of vaporization of water

A = surface area of the water.
L is the amount of heat required, at a given temperature, to evaporate a
unit mass of water. The mass of any substance of uniform density p and
volume V is given simply by the product pV. If we visualize rainfall as

being equally distributed over the esrth's surface to a height h, then the
volume of water is

Vv = 4%, (33)

whaere R is the radius of the earth. Fq. (33) is valid only if h is very
small compered to R, which is a safe assumption for our case. Therefore,

and Eq. (32) becizes
Q- i‘%z'i. (3)

uhe surface area of the water is

A = bx (R +1)° w bxR%, (36)
Therefore,
:, - Dﬂh (37)

If it takes & time t for all the water to evaporate, then the average power
per unit area W required over the time iuterval t is

v oe S . - (38)

t t

35




T
For water at 20°C,

L = 535 cal/gm = 2,450 joules/gm

p = 1.

Since tke glcbal mean rainfall is about 10C cm, the value of W averé.ged_
over ¢ year (3.16 x 107 sec) is 7.8 mw/cm?.
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